Bacteria of the genus Wolbachia are intracellular symbionts that are found in a broad range of insects and cause a variety of reproductive alterations, including male killing, parthenogenesis, feminization and cytoplasmic incompatibility. Although Wolbachia has not been cultured outside its host cells, it can be co-cultured with insect cell lines in vitro, and this technique would facilitate studies on Wolbachia. In this study, we inoculated five Wolbachia strains into two insect cell lines to examine the ability of the cell lines to harbor different infections. The Wolbachia strains used were wKue, derived from Ephestia kuehniella, wCauA and wCauB, from Cadra cautella, and wMel and wMelPop, from Drosophila melanogaster. The cell lines used were Sf9 of Spodoptera frugiperda (Lepidoptera) and AeAl2 of Aedes albopictus (Diptera). Immunofluorescence staining with an antibody against Wolbachia surface protein showed that wCauA was successfully maintained in both AeAl2 and Sf9 cells and that wCauB and wKue were maintained in AeAl2 cells. The infection levels, determined by real-time quantitative PCR targeting the Wolbachia 16S rRNA gene, varied among different infections.
INTRODUCTION
Wolbachia is a group of obligate endosymbiotic bacteria found in arthropods and nematodes (reviewed by Werren, 1997; Bourtzis and O'Neill, 1998; Stouthamer et al., 1999) . They are estimated to be the most prevalent bacterial symbionts in arthropods (Jeyaprakash and Hoy, 2000) . These bacteria are transmitted maternally and cause various reproductive alterations in their arthropod hosts, such as cytoplasmic incompatibility (CI), thelytokous parthenogenesis, feminization and male-killing, by which they are able to spread into host populations.
Despite the wide spread distribution and applied potential of Wolbachia as a means of controlling insect pest populations , little is known about the molecular mechanism underlying the interactions between Wolbachia and its hosts. One factor that impedes Wolbachia research is the inability to culture Wolbachia outside host cells.
The first cell line harboring Wolbachia was obtained from the Asian tiger mosquito, Aedes albopictus, by establishing a continuous cell line from eggs infected with Wolbachia . Transfer of various Wolbachia strains into uninfected insect cell lines was achieved by the shell vial technique, in which the host cells were infected with Wolbachia via centrifugation (Dobson et al., 2002) . Furthermore, Wolbachia has even been successfully maintained in a mammalian cell line (Noda et al., 2002) . In vitro co-culture systems of Wolbachia and insect cells should facilitate fundamental and applied studies of Wolbachia.
In this study, we inoculated five Wolbachia strains, three from lepidopteran insects and two from Drosophila melanogaster, into two insect cell lines derived from Lepidoptera and Diptera in order to examine the establishment of infection with various combinations of Wolbachia and insect cell lines.
MATERIALS AND METHODS
Wolbachia strains. Five Wolbachia strains, wKue, wCauA, wCauB, wMel and wMelPop, were used. wKue originates in the Mediterranean flour moth, Ephestia kuehniella, and induces partial CI. wCauA and wCauB naturally co-infect the almond moth, Cadra cautella, in which they induce complete CI (Sasaki and Ishikawa, 1999) . The two Wolbachia strains of C. cautella were segregated when they were transferred into E. kuehniella by embryonic microinjection (Sasaki et al., 2002) . The E. kuehniella transinfected with each of wCauA and wCauB were used as the donors of these Wolbachia strains. E. kuehniella were reared on a diet consisting of wheat bran, dried yeast, and glycerol (20 : 1 : 2 w/w) at 25°C under a 16 h light : 8 h dark photoperiod. wMel and wMelPop cause weak CI (Hoffmann et al., 1994) and lifespan shortening (Min and Benzer, 1997) in D. melanogaster, respectively. D. melanogaster, provided by Dr. S. L. O'Neill at the University of Queensland (Australia), were reared on an artificial diet, Formula 4-24 (Carolina Biological Supply Co.), at 25°C under a 16 h light : 8 h dark photoperiod.
Cell lines. Sf9 cells originating from Spodoptera frugiperda were purchased from Invitrogen. NIASAeAl-2 (AeAl2) cells originating from A. albopictus (RIKEN Cell Bank) were provided by Dr. D. Kageyama at the National Institute of Advanced Industrial Science and Technology (Japan). The two cell lines were cultured at 28°C in 50 ml cell culture flasks with IPL-41 medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Gibco).
Western blotting. To crudely purify Wolbachia, the ovaries of E. kuehniella or the whole tissues of D. melanogaster were homogenized in approximately 20 volumes of buffer [250 mM sucrose, 100 mM KCl, 10 mM MgSO 4 , 20 mM MOPS (pH 7.0)] in a 1.5 ml tube. The homogenate was centrifuged at 80ϫg for 5 min. The supernatant recovered was next centrifuged at 12,000ϫg for 5 min, and the pellet was used as the Wolbachia fraction. The protein content of each sample was determined using a protein assay kit (Bio Rad). The proteins were separated by SDS-PAGE (0.1 mg per lane) and blotted onto Hybond-P membrane (GE Healthcare). Immunodetection was performed using an ECL advance kit (GE Healthcare) according to the manufacturer's recommendations. The antibody raised against Wolbachia surface protein (WSP) of the wTai strain (Masui et al., 2001 ) was used at a 1 : 5,000 dilution. Anti-rabbit IgG-horseradish peroxidase (Leinco Technologies) was used as the secondary antibody at a 1 : 50,000 dilution. Chemiluminescent signal was detected with a VarsaDoc imaging system (Bio-Rad).
Wolbachia inoculation. Eggs laid within 12 h were collected from Wolbachia-infected E. kuehniella and D. melanogaster. The Wolbachia were inoculated into the cell lines using the shell vial technique according to Dobson et al. (2002) with small modifications. Approximately 2 mg of eggs was used for each inoculation. The eggs of D. melanogaster were treated with 2.5% sodium hypochlorite solution for 2 min to remove the chorion, and surface sterilized with 70% ethanol for 5 min. The eggs of E. kuehniella were treated only with 70% ethanol without sodium hypochlorite treatment, because the dechorionated eggs of E. kuehniella are too fragile to be handled. The sterilized eggs were rinsed with culture medium twice and crushed in the culture medium with a plastic pestle. The homogenate was overlaid onto 1ϫ10 5 insect cells in an 8 ml polypropylene tube with a flat-bottom (Sarstedt). The mixture was centrifuged at 700ϫg for 1 h at 15°C in a swing-basket rotor. After centrifugation, the recipient cells were resuspended in 2 ml of culture medium and transferred to a 6-well cell culture plate (BD Biosciences). The medium was changed on the next day after inoculation. Thereafter, the cell lines were transferred to new medium once a week.
Immunocytochemistry. Cells were suspended, and a portion of the suspension was transferred to 8-well culture slides (BD Biosciences). After incubation for 2 to 3 h, the cells that attached to the slides were fixed with methanol for 15 min. The slide was dipped in 10 mM sodium citrate buffer (pH 6.0) and autoclaved at 121°C for 15 min to retrieve the antigen. The cells were rinsed in PBS (phosphate-buffered saline), treated with blocking solution [PBST (PBS plus 0.1% Triton X-100) containing 1% bovine serum albumin] for 60 min, and incubated with the anti-WSP antibody (1 : 500 dilution in blocking solution) overnight at 4°C. Thereafter, the cells were rinsed in PBS, incubated with Alexa Fluor 546-conjugated anti-rabbit IgG antibody (Molecular Probes; 1 : 1,000 dilution in blocking solution) for 1 h at room temperature. The slides were mounted after being rinsed in PBS and observed under a fluorescent microscope (Olympus BX51 system) using a filter set (520-550 excitation, DM565 dichroic reflector and 580IF emission filters).
Analysis of 16S rRNA gene. The template DNA for PCR was extracted by the crude STE boiling method (O'Neill et al., 1992) . Adult insects were homogenized in STE buffer [100 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA] containing 0.4 mg/ml proteinase K, and the homogenate was incubated at 55°C for 90 min and heated at 90°C for 15 min. PCR was performed using Wolbachia-specific primers: w16Sf (5Ј-TTG TAG CCT GCT ATG GTA TAA CT-3Ј) and w16Sr (5Ј-GAA TAG GTA TGA TTT TCA TGT-3Ј) for the 16S rRNA gene (O'Neill et al., 1992) . The PCR products were cloned into a pGEM-T Easy vector (Promega) and sequenced in an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems) using BigDye Terminator ver. 3.1 Cycle Sequencing kit. The 16S rRNA gene sequences determined were submitted to GenBank under accession Nos. AB360382 (wCauA), AB360383 (wCauB), AB360384 (wKue) and AB360385 (wMelPop).
Southern hybridization. The copy number of the 16S rRNA gene in wKue, wCauA and wCauB was estimated by genome Southern hybridization. Total DNA was extracted from the ovaries of E. kuehniella by phenol extraction followed by ethanol precipitation. Approximately 2 mg of DNA were digested with HindIII, XbaI or EcoRI, separated on 0.8% agarose gel, and transferred onto Hybond-N membrane (GE Healthcare). To prepare a probe, the region encompassing nucleotide position 1 to 301 in the determined sequence was PCRamplified from wKue. The PCR product was labeled with alkphos direct Southern hybridization kit (GE Healthcare) and hybridization was performed according to the manufacturer's recommendations. The chemiluminescent image was analyzed in a VarsaDoc imaging system.
Real-time quantitative PCR (qPCR). Realtime qPCR targeting the Wolbachia 16S rRNA gene was performed using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems) and QuantiTect probe PCR kit (Qiagen). A primer set and fluorescent probe for qPCR were designed based on the conserved region in which the sequence was identical among the five Wolbachia strains. The primers were forward 5Ј-AAC TGA GAT ACG GTC CAG A-3Ј and reverse 5Ј-GAT CAG GCT TTC GCC CAT-3Ј. The probe was 5Ј-FAM-GGC AGC AGT GG*G GAA TA-TAMRA-3Ј (* indicates modified nucleotide, superbase).
To prepare template DNA for qPCR, the cultivated cells were counted under a microscope using a hemocytometer, and DNA was extracted from 5ϫ10 5 cells by the STE boiling method as described above. An aliquot of the crude extract (1 ml, equivalent to 1ϫ10 4 cells) was used as a template. The amount of the 16S rRNA gene was calculated using a standard curve drawn with dilutions (10 fold, 10 7 to 10 4 copies/ml) of the plasmid containing the wMelPop 16S rRNA gene.
RESULTS AND DISCUSSION
Five Wolbachia strains, wCauA, wCauB, wKue, wMel and wMelPop, were inoculated into Sf9 and AeAl2 cell lines, and the presence or absence of Wolbachia in the cell lines was examined by immunofluorescence staining with anti-WSP antibody. Cross reactivity of the antibody was confirmed by western blotting. A single band was de- tected from each Wolbachia strain whereas no signal was detected from uninfected Sf9 and AeAl2 cells (Fig. 1) . The detected bands were a little smaller than 30 kDa and showed size polymorphism, which was consistent with a previous report on WSP (Sasaki et al., 1998) .
The infection status of the cell lines inoculated with Wolbachia was checked once a week, at every passage, for at least one month after the inoculation to ascertain the establishment of stable infection. One week after inoculation, all cell lines were found to contain some fluorescence-positive cells, with slight signals. However, it was not clear whether the signals were from Wolbachia that infected host cells, or whether they were due to Wolbachia remaining in the medium without entering the host cells. Wolbachia is known to survive for about a week in a cell-free medium (Rasgon et al., 2006) . Obvious signals indicating infection were observed at the second or third passage (Fig. 2) . The signals localized to the cytoplasm, consistent with previous observations of Wolbachia infection 522 S. FURUKAWA et al. in cell lines Dobson et al., 2002) . At the second and third passage, most cell lines appeared to contain both infected and uninfected cells. At the forth passage, however, infected cells disappeared in some combinations of Wolbachia and cell lines. Finally, we obtained four infected lines: wCauA-infected Sf9 cells, wCauA-infected AeAl2 cells, wCauB-infected AeAl2 cells and wKue-infected AeAl2 cells. The infection rate in the four cell lines was almost 100%, and few uninfected cells were found.
In the other combinations, few infected cells were observed at the forth passage. We repeated the experiments at least three times for those combinations, but could not obtain infected cell lines. Contamination of microorganisms occasionally occurred, especially when the eggs of E. kuehniella were used, probably because the eggs of E. kuehniella were surface-sterilized only with 70% ethanol without being dechorionated with sodium hypochlorite. Experiments in which contamination occurred were not counted in the three trials.
At the beginning of this study, we expected that the Wolbachia strains from Lepidoptera might easily infect Sf9 cells whereas those from Drosophila might prefer AeAl2 cells. However, such specificity of Wolbachia to host cells was not observed.
Two events are important for the infection of Wolbachia in cell lines: (1) successful infection at the initial phase and (2) subsequent maintenance of the infection. In some cell lines, such as Sf9 inoculated with wCauB and AeAl2 inoculated wMelPop ( Fig. 2C and D) , we observed some infected cells at the second and third passage but not at the forth 523 Wolbachia Infection in Cell Lines Fig. 3 . Partial sequence of the 16S rRNA gene of wKue, wCauA, wCauB, wMelPop and wMel (DQ412083). Alignment was carried out with CLUSTAL W. The PCR primers, w16Sf and w16Sr, used to amplify the 16S rRNA gene fragments are indicated in small letters. A dash "-" represents a nucleotide that is the same as in wKue. There is no gap between the five sequences. The PCR product amplified by primers w16Sf and R1 was used to synthesize a probe in Southern hybridization. The primers (F1 and R1) and the probe used in qPCR are also indicated.
passage. In these cases, the maintenance of infection, rather than initial infection, appeared to be critical in obtaining stably infected cell lines. Noda et al. (2002) demonstrated that wCauA, wKue and wStr from planthopper can easily infect AeAl2 cells by the addition of the homogenate of infected tissues onto the cell lines without any other special handling, suggesting that the Wolbachia themselves infect the cells or that the cells incorporate the Wolbachia. In the present study, the Wolbachia might spread into the host cells through such spontaneous infection in the four successfully infected cell lines but not in the others. Spontaneous infection might occur, particularly at passages when some cells were likely to be broken and thus release Wolbachia.
The four stably infected cell lines were maintained in triplicate cultures, and the population of Wolbachia was measured at three sequential passages by real-time qPCR targeting the Wolbachia 16S rRNA gene. Partial sequences of the 16S rRNA gene of wKue, wCauA, wCauB and wMelPop were determined, and specific primers and probes to perform qPCR were designed on a region where the sequence is identical among the five Wolbachia strains used in this study (Fig. 3) . The copy number of the 16S rRNA gene in wKue, wCauA and wCauB was estimated by Southern hybridization. Three restriction enzymes were used to digest the DNA of each Wolbachia strain. In all cases, a single band was detected (Fig. 4) , indicating that the rRNA gene is single copy. The population of Wolbachia was expressed as copy number of rRNA genes per cell without normalization by a host cell gene (Fig. 5) , because cultured cells often polyploidize. In the wCauA-infected Sf9 cells, the mean population of Wolbachia, calculated from nine measurements (three measurements at each of the three passages) was 99.2Ϯ24.8 (meanϮSD). In AeAl2 cells, the population of wCauA, wCauB and wKue were 58.0Ϯ19.8, 35.8Ϯ4.6 and 5.9Ϯ3.2, respectively. The differences were significant in ANOVA following log transformation of the data (Tukey-Kramer test, pϽ0.01 in the all comparison of wCauA vs. wCauB, wCauA vs. wKue, and wCauB vs. wKue).
For the infection to be maintained, the proliferation rate of Wolbachia should be regulated so that the population of Wolbachia is kept at a certain level. Although the mechanism is unclear, the difference in the populations of the three Wolbachia strains in the same host cells (AeAl2) indicates the involvement of some Wolbachia factors in the regulation.
The method of culturing Wolbachia in cell lines is expected to expand the methodologies available for studies of Wolbachia. For example, this method can be used to obtain large amounts of Wolbachia, even from small arthropods that are difficult to 524 S. FURUKAWA et al. maintain in the laboratory (Noda et al., 2002) and also to cryogenically store Wolbachia (Dobson et al., 2002) . wCauA and wCauB used in the present study carry the temperate phage WO that is active and capable of producing phage particles (Masui et al., 2000; Fujii et al., 2004) . Because Wolbachia can be maintained under more precisely regulated experimental conditions in cell lines than in host arthropods, this culture method could facilitate studies on the tripartite interaction between the WO, Wolbachia and host cell. The ability of isolated Wolbachia to infect cell lines may also allow us to develop a gene transfer technique to Wolbachia.
